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T h i s  i n t e r i m  r e p o r t  c o n s t i t u t e s  a ? o r t i o n  of  t h e  month ly  

p r o g r e + s  r e p o r t  subi . i i t ted u n d e r  C o n t r a c t  No. PiAS 3-3228, 

Task Order  No. 2 8 ,  "Centaur  S t r u c t u r a l  C a p a b i l i t y  S tudy ,"  

'The pr imary c o n t e n t  of  t h i s  i n t e r i m  r e p o r t  c o n s i  sts of  S e c t i o n  

1.4.1, " F a t i g u e  Apec t r a ,  i l lowables  ,\nd - L n a l y s i s . ' l  T h i s  s e c t i o n  

is s i m i l a r l y  numbered i n  t h e  " P r e l i m i n * \ r y  O u t l i n e  of  t h e  F i n a l  

k . : o r t , "  p r e v i o u s l y  s u b m i t t e d .  1 l i s t  of  r e f - r e n c e s  for t h i s  

s e c t i o n  is a l s o  i n c l u d e d .  dome o r  these r e f r r e n c e s  d i f f e r ,  i n  

whole o r  i n  p m t ,  fr0l.i t h o s e  shown i n  t h e  p r e v i o u s l y  s u b < . i i t t e d ,  

"Pre1i:nin-try L i s t  of  X e f e r e n c e s  For 'l!,isk I". 

iv 



1.4.1 F a t i g u e  S p e c t r a ,  Allowables  a n d  h a l v s i  s 

.ill machines  o r  s t r u c t u r e s  must be d e s i g n e d  t o  s i t i s f y  t h r e e  b a s i c  

r e q u i r e m e n t s :  t h e y  must perfor in  t h e i r  i n t e n d e d  f u n c t i o n ,  t h e y  must 

have a d e q u a t e  s e r v i c e  l i f e ,  and t h e y  mu;t be c a p s b l e  of  b e i n g  .Jro- 

duced, s o l d  a n d  n a i n t i i n e d  It r e a s o n a b l e  c o s t .  F a t i  gue c a n  s e r i o u s l y  

i m p s i r  t h e  f u l f i l l m e n t  o f  a l l  of t h e s e  reI1uireir ients ,  i4’atigue s t r e n g t h  

b e c o m s  i n c r e  l s i n g l y  i luportnnt  i n  ae rosp . i ce  ve l i c l e  s t r u c t u r a l  d e s i g n ;  

as e x c e s s  w e i g h t  ( h i d d e n  a s r g i n s )  a n d  f < i c t o r s  o f  s a f e t y  a r e  r e d u c e d ;  

when inean f l i g h t  l o a d s  approach  mdximum e x p e c t e d  f l i q h t  l o a d s  ( s m a l l  

d e v i a t i o n  a b o u t  [i h i g h  mean) ; whenever high1.r u l t i m . i t e  t e n s i l e  s t r e n g t h  

a l l o y s  .ire employed t o  i n c r e a s e  s t a t i c  s t r e n g t h  ( a n d  r e d u c e  w e i g h t )  ; 

and whenever s t r u c t u r e s  are  exposed t o  low t e m p e r a t u r e  o r  v i b r a t o r y  

envi ronments .  

For  a d e q u a t e  s t r u c t u r a l  d e s i g n  o f  advcinced m i s s i  les, a e r o s p a c e  v e h i c l e s  

dnd r e c o v e r < I b l e  b o o s t e r s ,  t h e  e f f e c t s  of  f a t i g u e  on v e h i c l e  s e r v i c e  l i f e  

Jnd t h e  conhe l u e n c e s  of  c . i t a s t r o p k i c  f r i t i g u e  f a i l u r e  must be de te rmined .  

A e q u i r e n e n t s  f o r  f . i t i g u e  s t ress  d n a l v s i s  .we becoming i n c r e a i i  n p l y  p r e -  

v a l e n t  i n  r e c l u e s t s  f o r  b i d s  on v e h i c l e s  i s s u e d  by c o n t r a - t i n g  a g e n c i e s .  

C- i r e fu l  c o n s i d e r . i t i o n  of f a t i g u e  d u r i n g  t h e  s t u d v  st i;;e and  t h r o u g h o u t  

t h e  d e s i g n  ph<ise w i l l  he1;) e n s u r e  e f f i c i e n t  d e s i g n s .  C o n s t a n t  ndv.inced 

development i n  t h e  f i e l d  o f  s t r u c t u r d l  f J t i g i i c  is u t r o i i . t u t i c a l  

e n g i n e e r i  ng pri:ne re(1uirement .  

1 
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Any r , i t i o n L i l  i n v e s t i g i t i o n  o f  t h e  f a t i g u e  l i f e  o f  a s t r u c t u r e  i n v o l v e s :  

(1) a n  assumed o r  imposed f a t i g u e  l o a d i n g  s p e c t r u m ,  ( 2 )  iin e s t i n n t e d  

o r  e x p c r i m e n t a l l y  d e t e r m i n e d  and e v a l u . i t e d  f t t t i g u e  d e s i g n  < i l l o w a b l e  

s t r e n g t h  l e v e l ,  and (3) a n  e s t i m a t e d  o r  c a l c u l 3 t e d  - in ra lvs i s  o f  t h e  

r e s u l t i n g  s a f e t y  ( f rom f a i l u r e  c a u s e d  by f d t i g u e  e f f e c t s )  o f  t h e  

s t r u c t u r e .  

The f o l l o w i n g  s u b - s e c t i o n s  p r e s e n t  t h e  c u r r e n t  d e s i g n  h i l o s o p h y ,  u t i l i z e d  

t o  g i v e  a n  e s t i n i a t e d  a d e q u a t e  f a t i g u e  l i f e  f o r  C e n t a u r ,  and s u g g e s t  a 

r c l t i o n n l e  l c a d i n g  t o  a l t e r n a t i v e  p r o c e d u r e s ,  which c o u l d  m , i t e r i a l l y  

improve t h e  d c c u r a c y  of  t h e  i n v e s t i g C i t i o : 1  a n d ,  eiuite l i k e l y ,  r e d u c e  

v e h i c l e  weight .  

2 
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' 0  i 

C u r r e n t  P r a c t i c e -  - The P o l l  owing s u b - s e c t  i o n s  preLsent a - -  1.4.1.1 

su-nmiry o f  c u r r e n t  p r a c t i c e  used  i n  t h e  r l e s i~ i i  i n i l v s i s  of  Centaur  t o  

h e l p  obv i  i t e  a!g.Ainit f L i t i  gue probleiils. Pr imary  etn:Ih isis is d e v o t e d  

t o  t h e  t r e a t m e n t  o f  p r o p e l l a n t  t a n k  w a l l s ,  s i n c e  t h e y  c o n s t i t u t e  t h e  

1 , i r g e s t  p o r t i o n  o f  t h e  pr imsry s t r u c t u r a l  weight  ( a f f c c t c d  by f a t i g u e  

c o n s i d e r d t i o n s )  . 
1.1.1.1.1 C r i t e r i a  - The f o l l o w i n g  i s  e x t r a c t e d  f ro : i  t h e  C e n t a u r  

( i C - 6  t o  -1C-15) S t r u c t i i r a l  & s i g n  C r i t e r i a  (Xef .  M-1, Ptira. 2.91, a n d  

p r e s e n t s  g e n e r a l  f . i t i g r i e  c o n s i d e r d t i o n s  recommended a s  g u i d e l i n e s  f o r  

C e n t a u r  d e s i g n .  

"The d e s i g n  o f  t h e  C e n t a u r  uppnr  s t i g e  v e h i c l e ,  iand i t s  

c o n p o n e n t s ,  s h a l l  i n c o r p o r a t e  t h o s e  p r a c t i c e s  n e c e s s a r v  for 

best f a t i g u e  life in e v e r y  c a s e  where r e p e a t e d  o r  r e v e r s e d  

s t r e s ses  o c c u r .  S p e c i a l  a t t e n t i o n  s h a l l  b ?  g i v e n  v e s s e l s  sub-  

j e c t e d  t o  r e p e a t e d  p r e s s u r i z a t i o n  and/or  c r y o g e n i c  c y c l e s  a n d  

s t r u c t u r e  a d j a c e n t  t o  s i g n i f i c a n t  v i b r a t i o n  s o u r c e s .  vvhere no 

c o n f l i c t  w i t h  o t h e r  c r i t e r i a  is  i n v o l v e d ,  i n a t e r i a l s  w i t h  good 

f a t i g u e  b e h a v i o r  s h a l l  be used  i n  s u c h  a p p l i c a t i o n s .  Care 

s h a l l  h e  e x e r c i s e d  t o  minimize d e t r i m e n t a l  r e s i d u a l  s t r e s ses ,  

stress c o n c e n t r a t i o n s ,  and poor s u r f a c e  f i n i s h .  A'here t h e s e  

ciinnot be  a v o i d e d ,  c o n s i d e r . t t i o n  s h a l l  be g i v e n  t o  t h e i r  

e f f e c t  on f a t i g u e  l i f e  i n  t h e  stress ,Analysis o f  t h e  p e r t i n e n t  

i tems.  

3 
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Telemet ry  packages  And o t h e r  e l e c t r o n i c  p a c k a g e s ,  which 

a re  s u b j e c t e d  t o  maintenance p r e s s u r i z a t i o n  c y c l e s  a n d  f l i g h t  

d i f f e r e n t i a l  p r e s s u r e s ,  must be  d e s i g n e d  and  t e s t e d  t o  p r e s s u r e  

f i t i g u e  reqrr i re lnents  c o n s i d e r i n g  a minimum of  t e n  times t h e  

number o f  o p e r < i t i n g  p r e s s u r e  c y c l e s .  dhe re  s p e c i f i c  s e rv i ce  

r e t l u i r e m e n t s  are  a c c u r a t e l y  known a n d  a h i g h  d e g r e e  o f  q u a l i t y  

c o n t r o l  i s  assured, a minimum of f o u r  t i m e s  t h e  number of 

o p e r a t i n g  p r e s s u r e  c y c l e s  s h a l l  be used.  dhen s e r v i c e  re ; juire-  

ments  ire que , t i o n a b l e ,  t h e  prime d e s i g n  g r o u p  s h c t l l  s u i t a b l y  

deterini  ne t h e  number o f  e x p e c t e d  s e r v i c e  c y c l e s .  Proof  p r e s s u r e  

s h a l l  be 1.33 t i m e s  t h e  maximum p o s i t i v e  and/or  n e g a t i v e  p r e s s u r e  

e x p e c t e d  i n  s e r v i c e . ”  

1.4.1.1.2 & t e r i a l / J o i n t  Envi ronmenta l  T e s t  S p e c i f i c a t i o n  - The 

200/30O c y c l e  (no  l e a k i g e  a t  200 - , no f a i l u r e  it 300 -1 m a t e r i a l / j o i n t  

a c c e p t a n c e  c r i t e r i a  f o r  hydrogen t a n k  s k i n s  i s  p r e s e n t e d  i n  s p e c i f i c d t i o n  

0-71016 ( K e f .  M - 2 ) .  The f o l l o w i n g  p a g e s  p r e s e n t  t h e  body of  t h e  s p e c i f i c a -  

t i o n  a n d  i n d i c a t e  c h a n g e s  made i n  t h e  o r i g i n a l  v e r s i o n  (4-62)  i n  r e v i s i o n s  

i (4-1-63) and 3 (9-20-63). 

SPECIFIC .IT1 ON 0- 71016 

ENVIRONMENTIL TESTS 

PIWCEDUKE FOR HY9ROGLN TANK S K I N S  

1.0 Scope 

T h i s  s p e c i f i c a t i o n  o u t l i n e s  t h e  t e s t  p r o c e d u r e  n e c e s s a r y  t o  ev : r lua t e  

GEN <HAL DYN.\MICS C O N V i I R  

4 
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S p e c i f i c a t i o n  0-71016 (Con t inued)  

t h e  j o i n t  f c i t i g u e  p r o p e r t i e s  a t  l i * ] u i d  hydrogen t e m p c r < i t u r e s  i n  

o r d e r  t o  g a l r a n t e e  rnaterial  compliance w i t h  mi s s i l e  t a n k  r e q u i r e m e n t s .  

2.0 A p p l i c a b i l i t g  

Requi rements  f o r  t e s t i n g  p e r  t h i s  s p e c i f i c a t i o n  w i l l  be made b y  a n o t e  

on t h e  E n g i n e e r i n g  drawing. 

8.0 o f  t h i s  s p e c i f i c a t i o n  b e f o r e  m a j o r  assembly o f  tank. I d e n t i f i c a t i o n  

of  p a r t  must be made a s  p e r  paragraph  3.1.3 (k) of  0-71015 ( l ie f .  M-3). 

The mater ia l  must comply w i t h  p a r a g r a p h  

3.0 Sampl ing  

tt l e a s t  one specimen s h a l l  be t a k e n  i m m e d i a t e l y  a d j a c e n t  t o  t h e  s k i n  

a n d  gore s e t  f o r  e a c h  c o i l  and f o r  e a c h  s h i p .  tVhen t h e  l e n g t h  of  c u t  

m a t e r i a l  e x c e e d s  80 f e e t ,  two spec imens  are  r e q u i r e d ;  one a d j a c e n t  t o  

e a c h  e n d  o f  t h e  c u t  l e n g t h .  

4 . 0  Specimen C o n f i g u r a t i o n  

The specimen c o n f i g u r a t i o n  depends on t h e  t y p e  o f  m-iterial ,  j o i  n t  d e s i g n ,  

gage a n d  o r i e n t a t i o n  of  m i t e r i a l  g r a i n  d i r e c t i o n .  T h e r e f o r e ,  i t  w i l l  be 

n e c e s s a r y  t o  o b t a i n  t h e  p r o p e r  t e s t  specimen drdwing f r o n  t h e  S t r e s s  

Group fo'r e<!ch p a r t  r e q u i r i n g  t e s t s  p e r  t h i s  s p e c i f i c a t i o n .  

5 . 0  T e s t  C o n d i t i o n s  

T e s t  Teinper I t u r e s  : 

Cycle :<ate:  6 c y c l e s  p e r  minute  

- 4 2 3 O  F 

GENZRAL DYNAMICS CONV \IH 

5 
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0 Spec i f i ca  t i on 0- 71016 ( Cont inued)  

Leak Check: 

Ma t e r i  a1 
Number O f  Leak Number O f  Cyc le s  Maximum Number 

Checks Before  Leak Check Of Cyc le s  

4/62 4/63 9/63 4/62 4/63 9/63 
-- -- GDC 0-71004(Hef.  M-4) 1 200 200 200 500 
-- -- GDC 0-71005( Ref M - 5 )  1 200 2 00 200 500 

-- -- GDC 0- 7101 2 ( ite f . M-6) 1 75 200 200 3 00 

6,O S t r e s s  Level  

The f o l l o w i n g  stress l e v e l s  a r e  t o  be a p p l i e d :  

GDC 0-71005 0-120 k s i  0-110 k s i  0-110 k s i  

GOC 0-71012 0-110 k s i  0- 95 ltsi 0- 95 ksi 0 
GDC 0-71022 ------ 0-146 k s i  0-135 k s i  

7.0 Test l ’ rocedure 

Cycle  a t  t e i i ,pera ture  t o  number o f  c y c l e s  r e , I u i r e d  f o r  l e a k  check.  

Use dye check method t o  de te r i t l ine  l e a k .  l i f t e r  r e q u i r e d  l e a k  checks  a r e  

mtde, c y c l e  spec imens  t o  f a i l u r e  o r  maxiinurn number of  c y c l e s  s p e c i f i e d  i n  

5.0. S t r e s s  l e v e l s  are b-ised on ram l o a d  d i v i d e d  by miniinu.;i s k i n  c r o s s  

s e c t i o n  of  each  specimen.  Cross  s e c t i o n  is o b t a i n e d  by a rne.i-urernent t o  

f o u r  p l a c e s  of  specimen wid th  and t h i c k n e s s .  

8.0 . icceptLince L e v e l s  

The f o l l o w i n g  a c c e p t a n c e  l e v e l s  . i re  t o  be !;let: 

6 



Specification 0-71016 (Continued) 

Material Cycles to Leak Cycles to Fail 
4/6 2 4/63 9/63 4/6 2 4/6 3 9/6 3 

GDC 0-71004 200 200 200 3 00 3 00 3 00 

GDC 0-71005 200 200 200 3 00 3 00 300 

GDC 0-71012 75 200 200 100 3 00 300 

GDC 0-71022 --- 200 200 --- 300 3 00 

7 
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1e4.1e1.3 Design A p p l i c a t i o n  - The p r e s e n t  Cen tau r  t l n k  f < i t i g u e  

cycle/membrane s t r e s s  ph i losophy  o r i g i n a t e d  a round  t h e  e a r l y  (1962-1963) 

d e c i s i o n  t o  i n c r e a s e  t a n k  w a l l  t h i c k n e s s  on t h e  f i r s t  v e ! i i c l e s  i n  o r d e r  

t o  r e d u c e  any  p o s s i b l e  c r a c k i n g  and/or  l e a k i n g  problems ( d u r i n g  normal 

s e r v i c e  l i f e )  caused  by poor  s p o t w e l d s .  The v e h i c l e  s t r u c t u r a l  d e s i g n  

c r i t e r i a  d i s c u s s e s  g e n e r a l  f a t i g u e  c o n s i d e r a t i o n s .  The e n v i r o n m e n t a l  

t e s t  s p e c i f i c a t i o n  ( f o r  j o i n t s )  is u t i l i z e d  a s  a "go"-"no go" c r i t e r i o n  

f o r  m a t e r i a l  a c c e p t a n c e .  The s p e c i f i e d  u n i a x i a l  c y c l i c  s t r e s s  l e v e l  

f rom t h i s  t e s t  s p e c i f i c d t i o n  is employed i n  t h e  r e g u l a r  s t r e s s  a n a l y s i s  

as t h e  membrane a l l o w a b l e  I w t e r i a l  y i e l d  s t r e s s .  The c o m b i n a t i o n  of t h e  

(1) g e n e r a l  c r i t e r i a ,  ( 2 )  m a t e r i a l  e n v i r o n m e n t a l  t e s t  s p e c i f i c a t i o n  and 

(3) use  o f  t h e  tes t  stress l e v e l  as a n  a l l o w i b l e  i n  t h e  stress a n a l y s i s  

( f o r  maximum s t a t i c  l o a d s )  r e s u l t s  i n  a n  e n g i n e e r i n g  d e v i c e  t o  p r o v i d e  

some p r o t e c t i o n  a g a i n s t  f a t i g u e  problems.  I n  a d d i t i o n ,  i t  s d v e s  t h e  c o s t  

of a f a t i g u e  stress a n a l y s i s ;  however, i t  does  t e n d  t o  i n c r e a s e  v e h i c l e  

s t r u c t u r a l  w e i g h t  and  r e d u c e  a n a l y t i c a l  l o a d  c a p a b i l i t y .  

GENdRAL DYNi\MICS CONVAIR 
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1.4.1.2 Proposed i t a t i o n a l e  - The f o l l o w i n g  s u b - s e c t i o u s  p r e s e n t  

d suinin'iry o f  a r a t i o n 4 1  found. l t ion s u g g e s t e d  f q r  u.-e i n  design f a t i g u e  

stress a n a l y s i s  of  C e n t a u r  t a n k  s k i n s .  . iga in ,  p r i m A r y  e m p h a s i s  is  

d e v o t e d  t o  t h e  t r e a t m e n t  of p r o p e l l a n t  t a n k  wdl Is, s i n c e  t h e y  c o n s t i t u t e  

t h e  lrLrgest  p o r t i o n  of the primary s t ruc t i i r  11 w ( ~ i $ i t  ( i f f e c t e d  by f i t iguc 

c o n s i d e i - ? t i o n s ) .  I n  o r d e r  t o  r educe  v c h i c l c  weight  , i n c r e  t.,e pay1 oad 

c*pa l i l i t y  i n  t h i s  t e c h n i c a l  a r e a ,  ,inJ p r o v i d e  adc p a t e  f i t i p i e  l i f e ,  

f o u r  r e q u i r e m e n t s  need t o  be s a t i s f i e d .  They dre  a s  f o l l o w s :  ( 1 )  d e v e l o p  

a r e p r e s e n t a t i v e  d e s i g n  f a t i g u e  loat l ing spec t rum,  ( 2 )  deve lop  o r  employ 

more r e a l i s t i c  d e s i g n  a l l o w a b l e  f d t i g u e  s t r e n g t  I l e v e l s ,  ( 3 )  perform a 

f a t i g u e  stress a n a l y s i s  o f  t h e  prini<iry,  s t r u c t u r ; x l  e l e m e n t s  ( e .q .  , 
p r o p e l l a n t  t a n k  w a l l s )  which c o u l d  be f a t i g u e  p r o b l e ~ n  i r e c i s ,  ,md ( 4 )  

r e v e r t  t o  t h e  use  of  s t a t i c  m i t e r i a l  a n d  j o i n t  s t r e n g t h s  ('it t h e  a p p r o v r i ' i t e  

t e i u p e r a t u r e s )  f o r  p r o v i d i n g  t h e  r e a c t i o n  t o  d e s i g n  maximum l o a d s  i n  t h e  

r e L u l s r  v e h i c l e  stress a n a l y s i s .  

1.4.1.2.1 Fa t iKue  S p e c t r a  - S t r u c t u r a l  Des ign  F : i t i gue  Loading S p e c t r a  

s h o u l d  b e  deve loped  f o r  a t y p i c i l l  \C-S/AC-1S G n t . 5 ~ -  - : c h i c l ~  a u i i j e c r e a  

t o  heavy s e r v i c e  c o n d i t i o n s .  The loiid-time l i i  s t o r y  covered  s h o u l d  e x t e n d  

from f n b r i c < i t i o n  t h r o u g h  comple t ion  o f  t h e  f l i g h t  m i s s i o n  and be pre-  

s e n t e d  i n  a manner t o  show c y c l i c  v a r i d t i o n s  i n  s t r e s s  ( o r  f o r c e )  i n  t h e  

major s t r u c t u r a l  components. T y p i c a l  l o t \ d i n g  c o n d i t i o n s  ntizht i n c l u d e :  

L k s e m b l y ,  H o i s t i n g ,  T r a n s p o r t ,  E r e c t i o n ,  Launcher S t  dndby, c'si d i z e r  

9 
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Chil ldown and  Tanking,  F u e l  Chi l ldown and Tanking,  Hold, P r e l a u n c h  

Hold, B o o s t e r  Engine S t a r t ,  Launcher Rebound, Detank F u e l ,  Detank 

O x i d i z e r ,  R e f i l l i n g ,  Launch, T r a n s o n i c ,  Maximum aq Maximum g 

Main Engine S t a r t s ,  Main dngine C u t - o f f s ,  e t c .  

Centaur  F l i g h t  S t r a i n  - --- Gage S t u d i e s  - Valuable  & i t a  f o r  u s e  i n  d e t e r m i n i n g  

f a t i g u e  s p e c t r a  f o r  p r e l a u n c h  and  f l i g h t  c o n d i t i o n s  c o u l d  b e  g l e a n e d  from 

t h e  s t r a i n  i n s t r u m e n t e d  f l i g h t  programs of  e a r l i e r  v e h i c l e s .  Fol lowing  is 

a b r i e f  suumary of t h e s e  s t u d i e s .  

S t r a i n  g a g e s  were i n s t a l l e d  011 t h e  l i q u i d  hydrogen t a n k  a t  v a r i o u s  

1 o c . i t i o n s  n e a r  t h e  forwrird and a f t  e n d s  of  t h e  .IC-3, - 4  and -6 u p p e r  stage 

f l i g h t  v e h i c l e s .  The s t r a i n  gage s e l e c t i o n  and  c i r c u i t r y  on t h e  .\c-3 

and -4 were o f  N"1SA des ign ,  w h i l e  t h e  QC-6 s y s t e m  was e s s e n t i a l l y  a 

Convai r  d e s i g n .  

P r e f l i g h t  a s  w e l l  as f l i g h t  d4 i tn  were p l a n n e d  as a n  : r i d  i n  i n t e r p r e t d t i o n  

o f  r e s u l t s ;  however, t h e  p r e f l i g h t  i n f o r m a t i o n  w3.y n o t  o b t a i n e d  d u r i n g  

t h e  AC-3 countdown a n d  n e i t h e r  p r e f l i g h t  n o r  f l i g h t  d<i ta  were a n a l y z e d  by 

t h e  computer  for t h e  AC-4 v e h i c l e  d 1 1 ~  tr_r 1.-rk ef f ~ z d i z i ;  L i G d i " l  i I l i e r . e s t . .  

8 0 t h  p r e f l i g h t  and f l i g h t  d a t a  were a n a l y z e d  f o r  t h e  IC-6 v e h i c l e .  The 

p r e f l i g h t  dLt ta  c o n s i s t e d  of t a n k  s t r a i n s  due t o  t< ink  p r e s s u r e  c h a n g e s  

of a p p r o x i m a t e l y  5 p s i  w i t h :  

e r a t u r e ,  ( 2 )  i n s u l a t i o n  p a n e l s  on a t  ambient  teti iperatcire,  a n d  ( 3 )  i n s u l ? i t i o n  

p a n e l s  on,  tiinked w i t h  l i q u i d  hydrogen. Thu;  t h e  i n f l u e n c e s  of  p r e s s u r e ,  

t emper  i t u r e ,  a n d  p a n e l  i n t e r f e r e n c e  were r e c o r d e d .  

(1) insu1: i t ion p a n e l s  o f f  dt ambient  temp- 

GISN:<R.IL DYN'M€CS CONV I I R  
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Reduc t ion  o f  t h e  r a w  s t r a i n  d a t a  w a s  accompl i shed  throuryh t h e  u s e  of  a n  

IBM 7094 DCS d i g i t a l  computer  and a YC 4020 p l o t t e r .  L'rinted and /o r  

p l o t t e d  o u t p u t  i n c l u d e d  s t ra ins ,  s t r e s s e s ,  t e m p e r a t u r e s ,  e tc .  For  t h e  

AC-6 f l i g h t  i n d i c a t e d  bend ing  moments and  l o c i l t i o n  of  a x i s  of bend ing  

were a l s o  e v a l u d t e d .  R e s u l t s  of t h e  AC-3 f l i g h t  were p r e s e n t e d  i n  

Memo AS-D-954 (1Zef. M-8). XC-4 dAta w r e  r e c o r d e d  on t a p e  b u t  n e v e r  

ctniilyzed by t h e  computer  program. AC-6 r e s u l t s  were summarized i n  Memo 

.IS-D-991 ( d e f  . M-9 ) . 
1.4.1.2.2 F a t i g u e  Allowable Data - S t r u c t u r a l  Design h l lowdb le  

F a t i g u e  S t r e n g t h  L e v e l s  s h o u l d  be  deve loped  and u t i l i z e d  f o r  t h e  j o i n t ,  

mater ia l  c o n d i t i o n ,  and  t e m p e r a t u r e  r a n g e s  of  i n t e r e s t  (e .g . ,  301 g H  a t  

-423'F; 301 

The m a t e r i a l / j o i n t  env i ronmen ta l  t e s t  s p e c i f i c a t i o n  (0-71016, Ref. M-2) 

is of l i t t l e  v a l u e  i n  e s t a b l i s h i n g  t h e s e  a l l o w a b l e s ,  s i n c e  j o i n t s  t e s t e d  

unde r  i t  e i t h e r  pass o r  f a i l  t o  pass t h e  minimum "go", "no-go" l i m i t s .  

However, c o n s i d e r a b l e  t e s t  d a t a  do e x i s t  on t h e  f a t i g u e  s t r e n g t h  of b a s e  

m a t e r i a l ,  j o i n t s  and sinal 1 t. inks d ! - = q i ~ s ~ e d  ifi +_'.= z e : : i s ~  s: C , k  

mechan ica l  p r o p e r t i e s  of m i t e r i a l s  and  j o i n t s  ( S e c t i o n s  1.3.1 l n d  1 . 3 . 2 ) .  

These spec imens  of 301 s t a i n l e s s  s t e e l  ( o f  v a r i o u s  h a r d n e s s e s )  were t e s t e d  

t o  f a i l u r e  i n  f a t i g u e  f o r  v a r i o u s  maximuin stress l e v e l s  and e n v i r o n m e n t a l  

c o n d i t i o n s .  The d a t a  c o u l d  be supp lemen ted  w i t h  a d d i t i o n a l  t e s t i n g  and 

checked  ( w i t h  t h e  s m a l l  t $ i n k  d , i t a  and supplement  i r y  a m i l y s i s  f o r  u n i a x i a l /  

3/4 H, a t  -297'F; 301 1/2 H a t  -297'F and  -423'F, e tc . )  

b i a x i a l  e f f e c t s )  t o  mtke p o s s i b l e  t h e  d e t e r i n i n . l t i o n  o f  ,inore r e a l i s t i c  

GENERAL DYN.1PlICS C O N V b I R  
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40 
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f a t i g u e  a l l o w a h l e s .  For  e a c h  m;lteril*l c o n d i t i o n ,  joint t y p e ,  and 

temper  i t u r e  l e v e l  , d e s i g n  a1 lowdble c u r v e s  woul d be g e n c r  t t c d .  f h e  

d a t a  p o i n t s  ( s t r e s s  l e v e l ,  S ;  log  number of  c y c l e s  t o  f a i l u r e ,  l o g  N 

and s t r e s s  r A t i o ,  R )  f o r  e a c h  curve  would be a n a l y z e d  t o  de t e rmine  t h e  

c u r v e  g i v i n g  t h e  best f i t  ( i n  t h e  l e a s t  s . iuares s e n s e )  and a complementary 

d e s i g n  a l l o w ~ l b l e  c u r v e  l e v e l  would be e s t a b l i s h e d  ( e . g . ,  s e e  F i g u r e  1). 

- 

- 

- 

.d 
M 
PI 

rn 
0 
4 

H = 0.8 

K = 0.5 

Endurance 
L i m i t  

N,  C y c l e s  

F i g u r e  1 - T y p i c a l  F a t i g u e  Curve € o r  S t e e l  

R = O  

- 
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1.4.1.2.3 F a t i g u e  h a l y s i s  - .5. f . i t i g u e  a n a l y s i s  o f  a u n i f o r m  

component u n i a x i a l l y  l o a d e d  from 0 t o  . j  t o  0 f o r  N c y c l e s  is 

q u i t e  s i lnple .  I n t r o d u c i n g  a s t e a d y  s t a t e  l o a d  on a ncw snec imen t o  

f o r  N c y c l e s  is  o n l y  s l i g h t l y  more be l o a d e d  from Smin 

complex. I n  more g e n e r a l  s i t u a t i o n s ,  however, o t h e r  t e c h n i q u e s  must be 

employed. For  example,  a n  a e r o s p a c e  v e h i c l e  p r e s s u r e  v e s s e l  w i l l  h e  

sub . j ec t ed  t o  v a r i o u s  t y p e s  o f  t r a n s i e n t s  d u r i n q  i ts  d e s i g n  l i f e ,  e .g . ,  

normal o p e r a t i n g  t r a n s i e n t s  caused  by p r e s s u r e ,  t h r u s t ,  d r a g  and g u s t  

changes ,  and  emergency t r a n s i e n t s  ( i  .e.,  t h r u s t  c u t - o f f  and  l a u n c h e r  

rebound) .  The normal o p e r a t i n g  t r a n s i e n t s  may be e x p e c t e d  t o  o c c u r  much 

more f r e  l u e n t l y  t h a n  e i t h e r  s t a r t - u p  o r  emergency t r a n s i e n t s .  T h i s  l e a d s  

t o  t h e  c o n c e p t  o f  c u m u l a t i v e  f a t i g u e  chmage, which c o n s i d e r s  e a c h  t y p e  of 

c y c l i c  l o a d i n g  t o  "consume" a c e r t a i n  f r a c t i o n  of  t h e  d e s i g n  l i f e ,  no one 

cycle  c a u s i n g  f ' i t i g u e  f a i l u r e  by i t s e l f .  

niax 

to 'max to 'min 

F o r  example,  d u r i n g  a component 's  l i f e t i m e  i t  may be e s t i m a t e d  t h t i t  stress 

SI w i l l  be  a p p l i e d  

stress S.  w i l l  have a s a f e  numb..r o f  c v c l e s .  N . a s s o c i a t e d  w i t h  i t -  

F o r  p u r e l y  a l t e r n a t i n g  l o a d s  t h e s e  :me g i v e n  d i r e c t l y  by a c u r v e  s u c h  a s  

F i g u r e  1. 'l'hen, a s u i t a b l e  c r i t e r i o n  f o r  s n t i s f  i c t o r v  a p p l i  c . i t i o n ,  known 

a s  M i n e r ' s  Hypothes is  (Ref .  M - l O ) , i s  g i v e n  by 

t i m e s .  Lach Pn I n '  p1 times; S2 , p,, t i m e s ;  a n d  S 

. I  1 

13 



GD/C- BNZ65-043 

T e s t s  have shown t h a t  i f  t h e  l e s s e r  s t resses  a r e  a p p l i e d  f i r s t ,  most 

m a t e r i a l  c a n  endure  a summ,t ion  c o n s i d e r , i b l y  i n  e x c e s s  of 1.0; h u t ,  

i f  t h e  s e v e r e  s t r e s s e s  are a p p l i e d  f i r . t ,  t h e r e  is : ipp ; i ren t ly  some 

m a t e r i a l  damage which i i npn i r s  i ts  a b i l i t y  t o  c a r r y  t h e  l e s s e r  l o a d s ,  

,ind t h e  s a f e  cun iu la t ive  usage  f a c t o r  i s  l i k e l y  t o  be l e s s  t h a n  1.0. 

Cumulat ive damage i s  a s s e s s e d  by p l o t t i n g  e a c h  s t r e s s  gro t ip ing  a s  s'xown 

i n  F i g u r e  2 by p o i n t  The c o r r e s p o n d i n g  v < \ r i a b l e  s t r e s s  component 

f o r  e n t e r i n g  F i g u r e  1 and d e t e r m i n i n g  

b roken  l i n e  c o n s t r u c t i o n  shown i n  FiRure 2. 

Si , 
N1 is found as 3 b y  t h e  1 

R = -1.0 P R = -0 .5  
S = Allowable S t e a d y  S t r e s s  
S 

R = O  S-- = i l l o w a b l e  i l t e r n a t i n g  

Steady Component 

F i g u r e  2 - The Modi f i ed  Goodman Di;igram 

!Stre ss 

GENERAL DYN iMICS CONVA\IR 
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0 
The p r e s e n c e  o f  stress c o n c e n t r a t o r s ,  e.?. , c o r n e r s  o r  hole;+, com- 

p l i c . t t e s  t h e  f t t i g u c  a n . i I y s i s .  Ibasoni ibly .-tmd;ircl p rocedure  ( i te f .  

'!-11, 12) i n c l u d e  a stre.is c o n c e n t r a t i o n  f a c t o r  when ca1c i i l ; i t i ng  t h e  

vari . : \ble stress component, b:rt n o t  f o r  c a l c u l a t i n g  t h e  s t e a d y  component. 

These stress components a r e  then  . m a l y z e d  on t h e  Goodman Diagram as 

d i s c u s s e d  above. A m o r e  c o n s e r v a t i v e  a p p r o a c h  i s  t o  a p p l y  t h e  stress 

c o n c e n t r a t i o n  f a c t o r  t o  b o t h  v a r i a b l e  and  s t e a d y  coniponents. T h i s  s e c o n d  

p r o c e d u r e ,  ;tdvociited by Langer, (Re f .  M - 1 3 )  has a more r < i t i o n a l  b a s i s  

t h a n  t h e  f i r s t .  

' 0  

Under c e r t n i n  c i r c u m s t a n c e s ,  n o t a b l y  a r o u n d  stress c o n c e n t r a t o r s  ( s h a r p  

c o r n e r s ,  e t c . )  o r  b e c a u s e  o f  non-uniform t e r n p c r a t u r e  d i s t r i b u t i o n s ,  t h e  

s t r a i n  i n  c e r t a i n  l o c a l i z e d  areas may e x c e e d  t h e  y i e l d  s t r a i n .  The pro-  

c e d u r e  s u g g e 5 t e d  by Langer  t a k e s  t h i s  l o c a l  y i e l d i n g  i n t o  a c c o u n t  a n d  

a l l o w s  t h e  a n a l y s t  t o  c a l c u l \ i t e  a new "mean stress" i n  c e r t a i n  c a s e s .  

T h i s  a s p e c t  of  f a t i g u e  a n a l y s i s  is g i v e n  more c o n s i d e r a t i o n  i n  t h e  

f o 1 low i ng p' : r a g r a p h s  . 
In a a r o s p a c e  v e h i c l e  a p p l i c , t t i o n s  t h e  t h e r m a l l y  l o a d e d  r e g i  o n  i q m r ? ~ + _  

o f t e n  p a r t  of  a p l i t e  o r  s h e l l ,  and t h e  l o a d i n g  is t y p i c b i l l y  S i a x i a l .  

i f l a t  ;) l , i te havinrr; a uni form t e m p e r a t u r e  and  c1a:ilped e d g e s  w i l l  d e v e l o p  

I n  o r d e r  t o  c l e . i r l y  v i s u q l i z e  t h e  str t i n s  wliich do d:irnige t o  the  mater ia l  

l e t  u s  suppose t h e  t h e r m a l  l o a d i n g  ta occ ' i r  i n  s e v e r d l  s t a g e s .  I n  F i q u r e  

15 



GD/C- BNZ6 3- 043 

3 s q u a r e  (a) is  t h e  ori{:indl o u t l i n e  o f  t h e  n l i t e .  I f  the  pl ' i tc i s  

f r e e  and  he, t tcd by a uniform temper.itui-e increment  T , i t  "grows" t o  

shcipe ( b ) .  Frorii t h e  p r e v i o u s  e q u a t i o n ,  w e  know th . i t  t h e  f i n a l  j t r e s ses  

w i l l  he 0 = = - L T / ( l - v )  when t h e  p1.it.e is r c t u r n e d  t o  i t s  o r i g i n a l  

s i z e ,  sh:ape (a) . i p p l v i n g  nex t  o n l y  t h e  x - s t r e s s ,  a = -&T/(l-v) , 
t h e  p l a t e  dssumes shape  ( c )  . The t o t d l  y - s t r : i i n  t o  h e  s u 3 p r e s s e d  by 

< ipp ly ing  (J = - L T / ( l - v )  is  t h u s  

X Y 

X 

Y 

'rhc s t r , i i n : ;  c*  = - i ~ T / ( l - v )  a r e  a n a l o g o u s  t o  t h e  o u t e r  f i b i ? r  s t r a i n s  i n  

t h e  r o t a t i n g  beam specimen,  ans l  a r e  a p r o p e r  i n d i c r i t i o r l  of dl ln lge  done t o  

t h e  m a t e r i a l  d u r i n g  b i a x i a l  l o a d i n g .  #e s e e  th : i t  t h e  e l u s t i c  therm11 

s t r e s ses  are  c a l c u l 3 t e d  by m u l t i p l y i n g  c *  by t h e  modulus o f  e l a s t i c i t y ,  3. 

16 
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I n  t h e  e l a s t i c  r a n g e  u = 0.3 , b u t  when t h e  e l a s t i c  l i m i t  is ex- 

ceeded ,  v = 0.3 t o  0.5 . Langer recommends u s i n g  w = 0.3 f o r  b o t h  

e l a s t i c  and  p l a s t i c  b e h a v i o r ,  and  a b s o r b i n g  a n y  r e s u l t i n g  e r r o r  i n  t h e  

f a c t o r  o f  s a f e t y .  Thus,  a f i c t i t i o u s  e l a s t i c  stress c a n  al\vilys be de- 

f i n e d  which is  r e l a t e d  t o  t h e  s t r a i n  by  S' = E c . 
I n  most s t r u c t u r e s ,  o n l y  a sinal1 volume o f  m.l ter ia1 is  c a u s e d  t o  y i e l d  

by t h e r m a l  e x p a n s i o n s ,  e .g . ,  a t h i n  s u r f a c e  l a y e r  o f  p l a t e ,  and  t h e  

gross b e h a v i o r  of  t h e  s t r u c t u r e  is dominated by t h e  l a rger  e l a s t i c  r e g i o n s .  

F o r  t h i s  r e a s o n  t h e  s t r a i n  p a t t e r n  is l i t t l e  a f f e c t e d  by l o c a l i z e d  y i e l d i n g ,  

and  e l a s t i c  s o l u t i o n s  a r c  a p p r o p r i  i t e  f o r  c a l c u l l i t i n g  s t r a i n s .  'rhe s m a l l  

y i e l d e d  r e g i o n  t h e r e f o r e  h a s  i q o s e d  u,,on i t  a c e r t a i n  c y c l i c  s t r a i n  p a t t e r n .  

C o n s i d e r  now a h y p o t h e t i c a l  d u c t i l e  ma te r i a l  which y i e l d s  a t  a cons tAnt  

v d l u e  of T r e s c a  e q u i v a l e n t  s t r e s s ,  S , and i s  p e r f e c t l y  e l a s t i c  a t  l e s s e r  
Y 

v a l u e s  of  e q u i v a l e n t  stress. The s t r e s s - s t r a i n  diagram i s  shown i n  

F i g u r e  4 ( a >  . So t h a t  t h e  s t r a i n  h i s  a n o r e  o b v i o u s  p h y s i c a l  meaning 

we may v i s u a l i z e  a s i n p l e  b a r  i n  t e n s i o n  s u b j e c t e d  t o  v a r i o u s  c y c l e s  of 

-..-Ae--- - 2 - A  - * 
vILc:u  3 L . L U I L 1 .  TUL iher dsaume, 'is is c n a r . 3 c t e r i s t i c  ot  d u c t i l e  

mater ia l s ,  th.it t h e  mdter ia l  h.is e q u a l  y i e l d  s t r e n g t h s  i n  t e n s i 3 n  and corn- 

p r e s s i o n .  It  i s  c l e a r  t h a t  s t r a i n  c y c l e s  w i t h  1 C! - c a r e  e l a s t i c  

.and are  p l o t t e d  on l i n e  OA , o r  i t s  n e g d t i v e  e x t e n s i o n .  

'. 

Y 

GENtiH \L DYN iFIICS CONV 1 I H  
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< <  
Next c o n s i d e r  a s t r a i n  c y c l e  w i t h  0 - E - c s u c h  t h a t  nax 

\ C 
c - &  - 2c 3s shown i n  r ' igure  4 (b) . bi'hen r h e  s t r a i n  r e a c h e s  

Y Y max 

t , t h e  a c t u a l  stress becomes l i m i t e d  t o  S u n t i l  t h e  s t r a i n  b e g i n s  t o  
Y Y 

d e c r e a s e  f r w  i t s  maximum v a l u e  a t  p o i n t  B . The b a r  h d s  now t;aken 

on a permanent p l a s t i c  s t r a i n  c - E and t h u s  u n l o a d s  a l o n g  a new 
max Y 

e l a s t i c  l i n e  BCD . A t  p o i n t  C t h e  stress has been  reduced  t o  zero, 

b u t  t h e  bar  i s  l o n g e r  t h a n  o r i g i n a l l y  b e c a u w  of  t h e  p l a s t i c  s t r a i n ,  

a n d  r e t u r n i n g  t o  c = 0 a t  p o i n t  D r e q u i r e s  a c o a p r e s s i v e  stress. The 

0 
CENCRAL I)YN,iMICS CDNVAIR 
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p l a s t i c  y i e l d i n a  h a s  had a b e n e f i c i a l  e f f e c t ,  however, f o r  when t h e  

s t r a i n  c y c l e  is  r e p e a t e d ,  b e h a v i o r  is  coriipletely e l a s t i c  a l o n g  p a t h  

BCD. If, a s  e a r l i e r  i n  t h i s  d i s c u s s i o n ,  w e  c a l c u 1 , i t e  a f i c t i t i o u s  

e l a s t i c  stress by S '  = E c , p o i n t  E c o r r e s p o n d s  t o  t h e  e x t r e m e  1 i : n i t  

of t i l e  f i r s t  c y c l e .  ,;ce inay then  c a l c u l a t e  irlenn nnd a l t e r n a t i n g  s t r e s s  

c omp o ne n t s by 

e S' + S' s - 0  S 

- 2  
- -  max min - e - - 

2 2 S'  - 
mean 

e S' - S I  s - 0  S 
2 - 2  

- -  inax ruin - e - - - 
2 %1 t 

= S I  h a s  
'alt a l t  From F i g u r e  4 (b) w e  see t h a t  f o r  subse. , luent c y c l e s  

t h e  same v a l u e ,  b u t  S is  reduced  t o  mean 

= S '  - ( s  - s )  
me a n  e Y 

S 
m e  an 

= s  - s / 2 .  
me a n  Y e S 

The r e d u c t i o n  i n  mean stress e q u a l s  t h e  amount by which t h e  peak 

( f i c t i t i o i i s  e l a s t i c )  stress e x c e e d s  t h e  y i e l d  stress. 

Now c o n s i d e r  a n o t h e r  case i n  which t > 2c  , as shown i n  F i g u r e  4 ( c )  . 
The s t r a i n  r a n g e  is s o  g r e a t  i n  t h i s  c y c l e  t h a t  i n  u n l o a d i n g  a l o n g  p . i t h  BC 

t h e  m a t e r i a l  i s  f o r c e d  t o  y i e l d  p l a s t i c a l l y  i n  compress ion  a l o n g  p a t h  C1) . 

max Y 

GENERAL I)YK i M C S  C O N V I I i t  
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' 0  
Subscriuent c y c l e s  t h e n  o c c u r  a l o n g  pcith BCDU , (ind t h e r e  is p l  i s t i c  

de fo rm, i t i on  i t  cC4ch extre ,ne.  Becau.>e t h e  s t r ' r i n  ranjie is u n d l t e r e d  by 

t h i s  l i i i i i t i n g  phenomenon, o u r  f i c t i t i o u s  c l a s t i c  s t r e s s ,  5' = IC E , 
h a s  t h e  same a l t e r n i t i n g  cornponent a s  d u r i n g  tlie j n i t i a l  c y c l e ,  i . e . ,  

S = S ' / 2  . The mean s t r e s s ,  however, h,3s o b v i o u s l y  been  r e d u c e d  t o  
, a l t  

z e r o .  

I n  t h e  examples  c o n s i d e r e d  s o  f a r  t h e  ininimuin s t r a i n  hcis  been  ze ro .  

N o w  suppose  t h a t  a s t r a i n  c y c l e  w i t h  L - c  . 2~ i s  super imposed  

upon iin i n i t i a l  stress, S , a t  n o i n t  1 i n  F i g u r e  4 ( d )  . The f i r s t  

s t r a i n  n p p l i c r i t i o n  f o l . l o w s  p . i t h  ABC , brit s u b s e q u e n t  c y c l ~ : ~  f o l l o w  t h e  

c o m s l c t e l y  e 1 a s t i . c  p i t h  CD . The : i l t e rn<* t . i ng  stress component i s  n o t  

changed by t h i s  s h i f t ,  b u t  t h e  mean stress is  reduced  t o  t h e  same v a l u e  

th ,+ t  i t  would have t a k e n  i f  t h e r e  had n o t  been a n  i n i t i a l  stress. Langer  

c i t e s  s eve r i l l  r e f e r e n c e s  t o  e x p e r i m e n t a l  work c o n f i r m i n g  t h i s  l ack  o f  

i n f l u e n c e  of s t e a d y  l o a d  on l i  fe t i ine  u n d e r  p l a s t i c  s t r a i n  c y c l i n g .  

iiiax rnin Y 

P 

I f  t h e  mater ia l  s t r a i n  h m d e n s  a p p r e c i a b l y ,  t h e  above p r o c e d u r e  may 

n o t  he r e a l i s t i c .  The i n c r e a s e  i n  y i e l d  s t r e i s ,  S , which u s u a l l y  

accompanies  p l a s t i c  f low l e s s e n s  t h e  r e d u c t i o n  i n  mean stress i l l u s t r d t e d  

i n  t h e  above e x a n y l e s ,  and i t  i s  u s e f u l  t o  d e f i n e  m e l d s t i c  1 i . i i i t  stress, 

for d e t e r m i n i n g  inean stress r i t l i e r  th'in u s i n g  S . r e a s o n d b l e  S 

Y 

b '  Y 
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approach  which a c c o u n t s  f o r  t h i s  e f f e c t  is t o  l e t  3 :- S when S 

e x c e e d s  t h e  endurance  l i , ! i i t .  For m a t e r i a l s  w l i i  c h  str t i n  h i r d e n  

, i p p r e c i n b l y  t h e  endurance  limit may exceed  S f o r  t h e  a n n e a l e d  materi  11, 

and i t  i s  inor.' r e a l i s t i c  t o  t a k e  

specimens.  

b Y Y 

Y 

Sb a s  t h e  e n d u r a n c e  l i m i t  of ? o l i s h e d  

The ide ' i s  d e v e l o p e d  above m-iy now be  e x t e n d e d  t o  inore complexly l o a d e d  

inembers by means of  t h e  e q u i v a l e n t  stress concel i t .  The T r e s c a  e : ;u iva l en t  

stress i s  d e f i n e d  t o  be t h e  numer ica l  rnaximm of  

s = u  - 0 .  
i ,j i J 

where 0 and ( 3 .  r e p r e s e n t  t h e  p r i n c i p a l  s t ress  coin,)onents d a2, and i J 1' 

f o l l o w i n g  r u l e s  w i l l  e n a b l e  a l t  s anti S mean t o  be sc 1 ec t e d .  

i'hc i r l t e r n - * t i n g  stress d i f f e r e n c e  is g i v e n  by 

(S' I - ( S '  I . .  max i.1 niin 1 ,1 
2 I =  ( ' a l t  i j 

f o r  iany g i v e n  p a i r  i j  . 
f l i e  mean stress d i f f e r e n c e  w i l l  d i f f e r  from 

I ^ .  , \a' 1 t ( 5 ' .  inax i j  iii  I n i j 
( S '  I =  mean i . j  

a c c o r d i n g  t o  t h e  f o l l o w i n g  r u l e s .  

( 1 )  I f  t s5a l t ) i j  + ) S  is Sb , t h e  rne,tn stress d i f f e r e n c e  i s  

( .j 1 = ( S '  1 . 
ilic a n  i ,j incan i . j  
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( 3 )  If  (:j 2 s t h e n  a l t  i j  b '  
(s  1 = o .  mean i j  

a e c a u s e  f<iCigue f a i l u r e  o c c u r s  by the openin:; of s m a l l  c r a c k s  i n  a t e n s i o n  

f i e l d ,  i t  i s  renson,:bl:.  t o  tdke S = 0 whenever i t  is o b v i o u s l y  

co,npressi  ve.  

mean 
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